Introduction
Epigenetic changes in gene expression have fascinated scientists over several decades. These processes have received particular attention in plants, where they can result in beautiful variations in conspicuous phenotypes such as pigmentation. Epigenetic control is also a key issue in the development of transgenic plants with appropriate expression from newly introduced transgene segments.
The term 'epigenetic' refers to heritable gene expression patterns determined by how the DNA of a gene is packaged rather than its primary DNA sequence. Within tightly packed DNA, genes are not readily available to the transcription machinery and are poorly expressed. Normally the patterns of DNA packaging are carefully controlled to give predictable patterns of gene expression. However, the process can occasionally go awry to cause altered gene expression. This primer will focus on well characterized examples of epigenetic changes in plants that shed light on the mechanisms underlying this fundamental gene control process.
Determinants of DNA packaging
In higher organisms, DNA is packaged into the nucleus of the cell by association with histone proteins; this DNA-protein complex is chromatin. Some regions of the genome are loosely packaged into euchromatin, whereas other regions are tightly packaged into heterochromatin. One factor that determines chromatin patterning is modification of histone proteins by attachment of small chemical groups to particular amino acid side chains. Specific patterns of histone modification are thought to recruit specific chromatin remodeling proteins that direct either heterochromatin or euchromatin formation.
In mammalian and plant genomes, chromatin patterning is also determined by the attachment of methyl groups to cytosine residues in the DNA by cytosine methyltransferases. When a region of genomic DNA has cytosine methylation it is typically assembled into heterochromatin. Methylated DNA appears to recruit methyl-DNA binding proteins, which in turn recruit histone-modifying enzymes and chromatinremodeling factors necessary for heterochromatin formation. Cytosine methylation is a fundamental epigenetic mark that can be maintained after each round of DNA replication because the template strand of DNA will retain the modification. Although changes in the cytosine methylation mark often correlate with epigenetic variation, there are also likely to be cases where chromatin changes occur independently of methylation.
In mammals, DNA methylation marks are reprogrammed during early embryogenesis and altered methylation patterns are not usually transmitted to progeny. In plants, however, it seems that DNA methylation changes can persist throughout development and can be inherited between generations.
Epigenetics in maize
Over the course of man's domestication of maize, many strains with striking patterns of kernel or plant pigmentation have been selected for cultivation. These strains have provided a rich source of epigenetic variation in pigment gene expression. One such case that has been examined at the molecular level is the expression of a transcription factor gene that controls pigment synthesis, the B gene. The B gene is necessary for purple pigmentation of plant tissues. Several decades ago, an unusual behavior of a particular darkly pigmented B variant was observed: this purple strain would occasionally yield progeny that were green because they no longer fully expressed the B gene. More curiously, when the purple strain was crossed with a green variant, the hybrid plant and all its resulting progeny were green. Thus, the high expression state of B inherited from the purple parent was efficiently and permanently converted into the low expression state of the green parent by putting the two chromosomes together in the same nucleus. This phenomenon, called 'paramutation', seems to involve different epigenetic states of B gene regulatory sequences that result in different levels of transcription initiation.
B gene paramutation raises a number of challenges. Where is the exact control region that governs B transcription? What changes in chromatin structure or cytosine methylation might occur on the key sequences to convert the high expression state to a low expression state? And how is the epigenetic information from the low expression state chromosome efficiently communicated to the high expression state chromosome? One possibility is that the two chromosomes directly interact, and that chromatin components from the low expression chromosome are transferred to the high expression chromosome 
Epigenetics in Arabidopsis
The materials for studying epigenetic variation in Arabidopsis come from two general sources: rearrangements in genome structure that trigger chromatin structure changes, and mutations in the cellular factors that regulate epigenetic patterning. A well-characterized system involving a naturally occurring gene rearrangement that leads to dramatic epigenetic alterations comes from studies of the Arabidopsis PAI genes. The PAI genes encode an enzyme necessary for synthesis of the amino acid tryptophan. In the majority of Arabidopsis isolates, PAI enzyme is encoded by two nearly identical genes located on two different chromosomes. In such strains, the PAI genes are stably expressed and lack cytosine methylation. However, in a minority of wild Arabidopsis isolates, one of the PAI loci is rearranged to carry an inverted repeat arrangement of two mirror-image PAI genes running into each other. Strikingly, in these unusual isolates, both the rearranged inverted repeat PAI genes and the outlying singlet PAI gene are densely covered with cytosine methylation over their regions of sequence identity. The PAI inverted repeat locus provides the signal for this methylation, because when it is combined with unmethylated PAI genes via genetic crosses with a 'normal' Arabidopsis strain, unmethylated PAI genes become densely methylated in the hybrid plants.
This ability of one locus to alter the epigenetic patterning of a related locus elsewhere in the genome is a variation on the theme of paramutation. However, a key difference between the Arabidopsis PAI case and the maize B case is that PAI involves an obvious change in DNA sequence as the trigger of the epigenetic change. Another difference is that the PAI inverted repeat locus can cause an epigenetic change at a PAI gene on a different chromosome. Whether the low expression B locus could signal to a high expression target B gene at a new chromosomal location is not known. Yet the general mechanisms proposed for B paramutation, direct interactions between the chromosomal loci, or a diffusible signal that moves from the trigger locus to the target locus, are also possible mechanisms for the PAI system.
As mentioned above, RNA with sequence identity to the affected genes is an attractive candidate for a diffusible signal that promotes epigenetic changes. Could the PAI inverted repeat be producing an unusual RNA product? One of the PAI genes in the inverted repeat is transcribed from a novel upstream regulatory sequence that lies beyond the methylated region. Such PAI methylated strains may be lucky to have this upstream sequence, as their remaining PAI genes are silenced by methylation of their normal proximal sequences. However, if transcription through the inverted repeat provides an RNA trigger for PAI methylation and silencing, then maybe they aren't so lucky after all! In both Arabidopsis and tobacco, the regulatory sequences of a transgene can be efficiently methylated and silenced by a second trigger transgene carrying a transcribed inverted repeat of the regulatory sequences. This finding strengthens the idea that unusual RNAs expressed from an inverted repeat might promote epigenetic changes at homologous regions of the genome. This finding also suggests that any plant gene could be targeted for silencing with an appropriate transcribed regulatory sequence inverted repeat transgene.
To facilitate genetic screens for mutations that disrupt PAI epigenetic changes, a reporter strain has been created by mutation of the sole expressed PAI gene in the inverted repeat. This strain accumulates a blue fluorescent intermediate in the tryptophan pathway due to the epigenetic block in PAI enzyme levels (Figure 2) 
